Abstract
Introduction

19
Organic nitrates (ON) play an important role in atmospheric chemistry as they can act as sinks and 20 sources of NO x (NO + NO 2 ) and thereby affect the formation of tropospheric ozone and organic aerosol. 21
The sink reaction -addition of NO to a peroxy radical (R-O-O·) to form an organic nitrate (R-O-NO 2 ) -22 breaks the ·OH initiated oxidation cycle and reduces the formation of ozone (Seinfeld and Pandis, 2006) . 23
Most R-O-NO 2 molecules are semi-volatile and are therefore expected to partition between the gas and 24 particle phases. They can be transported in either phase and can become a source of NO x when they are 25 photolyzed or oxidized, contributing to the regional nature of NO x pollution. Attempts to implement 26 organic nitrate decomposition reactions in a chemical transport model which did not account for gas-27 particle partitioning of organic nitrates resulted in over-prediction of NO x The partitioning of organic nitrates to the particle phase is important to determine their fate as only 49 condensed organic nitrates are expected to hydrolyze appreciably to HNO 3 . Absorptive partitioning 50 theory (Pankow, 1994 to describe the gas-particle partitioning of organic nitrates. Rollins et al. (2013) used partitioning data 52 from the 2010 CalNex campaign to find a volatility basis set distribution for ON observed at ambient 53 aerosol concentrations. Rindelaub et al. (2015) observed the partitioning of organic nitrates formed 54 from the ·OH initiated oxidation of α-pinene at various levels of relative humidity. However, other work 55 has suggested that the partitioning of organic nitrates to the particle phase is irreversible (Perraud et al., 56 2012) . The goals of this work were to form organic nitrates in controlled environmental chamber 57 experiments from the ·OH-dominated oxidation of α-pinene under high NO x conditions and various 58 relative humidity levels and: 59 1. Quantify the hydrolysis rate of organic nitrates. 60 2. Verify whether the gas-particle partitioning of organic nitrates is reversible and can therefore be 61 modeled by absorptive partitioning theory 62 3. Parameterize the gas-particle partitioning of organic nitrates 63 
Methods
64
1 Environmental Chamber Experiments
Data Analysis
125
Data from the ACSM were analyzed in Igor Pro using the software package "ACSM Local," which includes 126 a correction for relative ion transmission efficiency as well as changes in the flow rate throughout the 127 experiment. The SEMS volume concentration was converted to mass using the densities 1.77 g/cm 3 for 128 ammonium sulfate and 1.4 g/cm 3 for organics and organic nitrates (Ng et al., 2007) . The time series of 129 particle mass concentration (not corrected for wall losses) during Expt. 7 is shown in Fig. S1 . Nitric acid is formed in the gas phase as well as in the particle phase 135 through hydrolysis, but it is assumed that nitric acid concentrations are negligible in the particle phase 136 due to its high vapor pressure (Fry et al., 2009) . A Henry's Law calculation suggests that the total amount 137 of aqueous HNO 3 in particles is 3 orders of magnitude lower than that in the gas phase. 138
The ACSM does not detect all sampled particles, primarily due to particle bounce at the vaporizer, 139 resulting in a collection efficiency (CE) smaller than 1. Collection efficiency and wall losses were 140 accounted for simultaneously by multiplying the ACSM concentrations of organics and organic nitrates 141 by the mass concentration ratio
as has been done in previous work (Hildebrandt et al., 142 2009). Here, =0 is the mass concentration of ammonium sulfate seed just before the UV lights are 143 turned on and organic aerosol formation commences and (t) is the time dependent mass 144 concentration of (NH 4 ) 2 SO 4 measured by the ACSM throughout the experiment. This correction assumes 145 that particles on the chamber walls participate in gas-particle partitioning as though they are still in 146 suspension and that the suspended ammonium sulfate concentration changes only due to wall losses. It 147 accounts for partitioning of organic vapors into wall-deposited particles (Hildebrandt et The partitioning coefficient of a species is defined as the ratio of the species concentration in the 164 particle phase to the total species concentration (gas and particle phase). For a single compound the 165 partitioning coefficient is the same whether it is on a mass or mole basis. However, for a mix of 166 compounds, such as those formed in ·OH-initiated oxidation, the mass and mole-basis partitioning 167 coefficients will be different, with the coefficient expected higher on a mass basis since higher molecular 168 weight compounds typically have lower vapor pressure. The partitioning coefficient in this work was 169 calculated on a mole basis, in part because fragmentation in the ACSM makes it impossible to tell the 170 original size and identity of ON molecules. This mole-basis partitioning coefficient is also more useful for 171 most modeling efforts which group chemical species without knowledge of their exact molecular 172 identity. The particle-phase ON concentration was quantified using data from the ACSM: the mass 173 concentration of nitrate measured by the ACSM was converted to mixing ratio (ppb) using the molecular 174 weight of the nitrate functional group (62 g/mol). This assumes that the ON have only one nitrate 175 functional group. Conversion of the nitrate mass concentration to mixing ratio avoids the need to 176 assume an ON molecular weight (needed to estimated ON mass concentrations from ACSM) and is 177 therefore deemed to be a more accurate measure of ON from the ACSM. Quantification of all gas phase 178 ON species would necessitate calibration and identification of all ON species which is not feasible. 179
Instead, a chamber box model and nitrogen balance was employed to estimate total gas-phase ON as 180 described below. 181
Chamber Modeling and Partitioning Coefficient
182
In these experiments only five major forms of oxidized nitrogen are present in significant 183 concentrations-NO, NO 2 , HNO 3 , ON gas and ON aer (gas and aerosol-phase organic nitrates, respectively). 184 Figure S2 shows that, based on the Statewide Air Pollution Research Center (SAPRC) model 185 (http://www.engr.ucr.edu/~carter/SAPRC/), the concentrations of other forms of reactive nitrogen are 186 orders of magnitude lower than the concentrations of these five forms. Concentrations of NO and NO 2 187
were measured using gas-phase monitors, ON aer was measured using the ACSM, and concentrations of 188 HNO 3 were approximated using the SAPRC box model. (2) 224 (Rollins et al., 2013) , where F i is the fraction of organic species in the volatility bin described by * . In 225 this work we used measurements of C OA and Y tot to fit the F i using a Matlab optimization routine. These 226 VBS parameters can be used in models to represent the gas-particle partitioning of organic nitrates and 227 account for changes in partitioning with temperature and C OA . 228
Results and Discussion
229
A typical time series of compounds containing oxidized nitrogen is shown in Fig. 1 (Expt. 7) . Initially the 230 chamber contains only NO and a small amount of NO 2 , in addition to α-pinene and inorganic seed 231 aerosol. When the UV lights are activated at time = 0 the NO immediately begins to react with ·OH and 232 other radicals to form NO 2 and additional NO y compounds such as organic nitrates. Ozone formation 233 also starts and thus in these experiments ozone also plays a role in the oxidation of α-pinene. Based on 234 the SAPRC model 15% of the total α-pinene reacts with ozone while the rest reacts with ·OH. Figure 2 shows time series of molecular ions identified using the HR-ToF-CIMS using water cluster 241 ("positive mode") and iodide-water cluster ("negative mode") ionization. Many compounds are 242 identified with the CIMS and a select few of the most prominent compounds were chosen for Fig. 2 . In 243 short time periods after switching reagent ions the sensitivity of the HR-ToF-CIMS slowly adjusts to a 244 steady state value. Minor changes during these short time periods should be taken with caution but the 245 overall trends over the 4.5 hour experiment are useful in viewing oxidation trends. The initial data 246 collected in negative mode show that formation of organic nitrates begins immediately after oxidation 247 has started. Later in the experiment the less-oxygenated compounds observed in positive mode begin to 248 decrease while the more highly oxygenated compounds observed in negative mode continue to 249 increase, consistent with oxidation and conversion of less oxidized compounds to more highly oxidized 250 compounds continuing throughout the experiment. Highly oxidized compounds which still contain ten 251 carbon atoms (as the precursor α-pinene) begin to decrease towards the end of the experiment while 252 fragmented compounds (containing less than ten carbon atoms) continue to increase, consistent with 253 fragmentation of the carbon backbone during oxidation. Molecular weights of the gas-phase compounds 254 identified here range from 221 to 279 g mol ). Gas-phase organic nitrates identified here are therefore expected to be 257 semi-volatile and to partition significantly to the particle phase. 258
Hydrolysis of Organic Nitrates
259
Concentrations of wall-loss corrected (normalized to sulfate) PM nitrate were observed to decrease at 260 the end of most experiments. These decreases of PM nitrate are attributed to physical or chemical 261 processes in the gas and aerosol phases, and an exponential decay was fit to the data to quantify the 262 decay. The exception was experiments 1 and 3 during which production of SOA was slow (primarily due 263 to lower initial H 2 O 2 and α-pinene) and continued throughout the experiment, so a decay could not be 264 observed. Examples of the decay for a humid and dry experiment are shown in Fig. S4 . The decay rates 265 for each experiment are reported in Table 1 and appear to depend on relative humidity as shown in Fig.  266 3. When the RH ranged between 20 and 60%, an ON decay rate of 2 day -1 was observed; no significant 267 ON decay was observed at RH lower than 20%. Experiments conducted at an average RH of 67% or 268 higher can exhibit a significantly higher decay rate, probably due to effects of being near the 269 deliquescence relative humidity of the ammonium sulfate seed aerosol. In experiments 10 and 12, which 270 have decay rates well above 2 day -1
, the chamber was initially cooled to 20 °C before the UV lights were 271 turned on. Once the UV lights were activated the temperature then increased to 25 °C and the RH 272 settled at the values indicated in measured a lifetime of 3-4.5 hours for 10% of ON formed from NO 3 oxidation of β-pinene, with a much 296 longer lifetime for the remaining 90%. This suggests that 10% of the ON functional groups were tertiary 297 with the rest being primary or secondary as those have been shown to hydrolyze much slower in the 298 bulk phase Hu et al., 2011) . More tertiary ON groups are expected from α-pinene 299 than β-pinene, based on the location of the double bond. 300
Similar VOC precursors such as α-pinene and β-pinene can form different fractions of primary/secondary 301 and tertiary ON. When NO 3 reacts and bonds with the terminal double bond of β-pinene, an alkyl radical 302 is formed in either a primary or tertiary position (opposite of the carbon-nitrate bond). The tertiary alkyl 303 radical is more stable, so primary organic nitrates are expected to be more abundant. The double bond 304 in α-pinene is not terminal, so the NO 3 reaction produces either a secondary or tertiary ON and alkyl 305 radical. NO 3 typically bonds with the less substituted carbon of a double bond so that a more highly 306 substituted alkyl radical is formed. The reverse is true for OH+NO chemistry. In this case NO reacts with 307 the peroxy-radical to form the nitrate group. The peroxy-radical, a product of O 2 and an alkyl radical, is 308 likely to be on a more substituted carbon as this would have been the more stable alkyl radical. Thus, 309 more highly substituted ON are expected from OH + NOx than from NO 3 chemistry. This has important 310 implications for attempts to model ON and the resulting NO x recycling. 311
As Table 1 shows experiments were conducted at varying NO x and α-pinene concentrations, relative 312 humidity, and hydrogen peroxide (·OH radical source) levels, which resulted in different final 313 concentrations of PM nitrate and total OA. Liu et al. (2012) suggested that a lower PM nitrate / OA ratio 314 at higher RH could be due to ON hydrolysis. In these experiments, the correlation between the ratio of 315 PM nitrate/total OA (measured when total OA was highest) and RH was very low (R 2 = 0.02). Thus, based 316 on these experiments, differences in the observed final PM nitrate / OA are due to experimental 317 conditions other than relative humidity. 318
Gas-particle Partitioning of Organic Nitrates
319
In order to test the reversibility of ON partitioning the temperature of the chamber was increased after 320 OA had formed (and when the UV lights were off) in some experiments. Figure 4 shows gas and particle-321 phase measurements taken from a representative experiment (Expt. 2). After the UV lights are turned 322 off there is a 60 minute period in which the temperature stabilizes around 15 °C. This is followed by ~90 323 minutes of heating to a final temperature of 45 °C. After this the chamber is quickly cooled back to 15 324 °C. Figure 4b shows a time series of the Org/sulfate and ON aer /sulfate ratios measured by the ACSM. 325
Sulfate has a low vapor pressure and does not evaporate significantly at the temperatures investigated; 326 therefore changes in the ON aer /sulfate and Org/sulfate ratios with chamber temperature can be 327 attributed to partitioning of organic nitrates and other organic species between the gas and particle 328 phases or wall losses of gas-phase species. As Fig. 4b shows, Org/sulfate and ON aer /sulfate decreased 329 with increasing temperature and increased with decreasing temperature, suggesting evaporation of 330 species at higher temperatures and their re-partitioning to the particle phase at lower temperatures. 331 Figure 4c shows the effects of temperature on various compounds measured in the gas phase. Several 332 organic compounds -with and without ON functional groups -increase with increasing temperature. 333
This suggests that these compounds are present in both the gas and particle phases and evaporate at 334 higher temperature resulting in increased gas phase concentrations. As temperature is increased the 335 percent change in the concentration of gas-phase C 10 H 16 O 2 is less than the change in C 10 H 16 O 4 and the 336 percent change in the concentration of gas-phase C 10 H 15 NO 4 is less than the change in C 10 H 15 NO 6 . This is 337 consistent with the more highly oxidized compounds having a lower vapor pressure and evaporating 338 less. As the temperature is decreased back to 15 °C the concentrations return to the pre-heating trends, 339
suggesting that re-condensation to the particle-phase has occurred. These observations, as well as the 340 trends seen in particle-phase measurements, are consistent with equilibrium partitioning and 341 inconsistent with the irreversible partitioning of ON recently suggested by Perraud et al. (2012) . 342 Other processes may influence particle and gas concentrations of organic compounds. In these high RH experiments the particles may contain a significant fraction of water. The wall loss 359 correction also assumes that particles lost to the walls participate in partitioning as though they were 360 still in suspension. This assumption may be poor if small amounts of water condense onto the walls of 361 the chamber in these high RH experiments. 362
Data taken throughout the lower-concentration experiments (Expts 1, 2, and 3) with UV lights on were 363 fit to a volatility basis set as these experiments were conducted under conditions which are more 364 atmospherically relevant. Volatility basis set (VBS) parameters are static but are often used to 365 approximate dynamic systems such as the one observed in these experiments. Experimental data were 366 used after total PM organics (corrected for wall losses) had reached 2 µg m -3 to avoid effects of noise 367 and model uncertainty at the beginning of the experiments when concentrations of both gas-and 368 particle-phase organic nitrates were low. Outlying points (for example, when PM organics temporarily 369 rose above 2 µg m -3 but subsequent data suggested that condensation had not begun) were removed as 370 well. Figure 5 shows the data used to find the volatility basis set along with the fit. The C * values used for 371 this were 1, 10, 100, and 1000 µg m -3
; the corresponding mass fractions (F i ) calculated to give the best 372 fit for Eq. (2) (Sect. 2.2) are F i = 0, 0.11, 0.03, and 0.86. 373
As seen in Fig. 5 when the highest observed RH exceeded the deliquescence RH of the ammonium sulfate seed aerosol, 396 the particle-phase ON decay was as high as 7 day -1 and more variable. The dependence of observed 397 decay rate on relative humidity suggests organic nitrate hydrolysis as the most plausible explanation. 398
The gas-particle partitioning of ON determines their potential to hydrolyze. Partitioning of the ON is 399 reversible and can be described by a volatility basis set. 400
The conversion of NOx to organic nitrates affects local ozone production. Partitioning and hydrolysis of 401 organic nitrates affect regional concentrations of organic particulate matter and ozone. The organic 402 nitrate partitioning coefficient and hydrolysis rates from this work can be used to include these 403 processes in chemical transport models and more accurately represent the effect of organic nitrates on 404 concentrations of ozone and particulate matter. 
